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Abstract 

The light-quark non-strange scalar mesons ao(980), /o(980), /o(1370), ao(1450), /o(1500) and 
/o(1710) are of great interest as there is no generally accepted view of their structure which can 
encompass qqqq, molecular, qq and glueball states in various combinations. It has been shown 
previously that the radiative decays of the scalar mesons to p and uj are a good probe of their 
structure and provide good discrimination among models. Scalar meson photoproduction is 
proposed as an alternative to measuring radiative decays and it is shown that it is a feasible 
proposition. 



1 Introduction 

The fundamental structure of the light scalar mesons is still a subject of controversy. 
One view is that the <r(485), k(700), / (980) and a (980) are molecular or qqqq 
states and so unrelated to qq spectroscopy. Then the a (1450) and the _K"q(1430) 
are regarded as the ud and us members of the same SU(3) flavour nonet of l 3 Po 
ground-state qq mesons, to which the / (1370) can be attached as the {uu + dd) 
member pQ. There remain two possibilities for the ninth member of the nonet, the 
/o(1500) and the /o(1710). It is frequently assumed that this surplus of isoscalar 
scalars in the 1300 to 1700 MeV mass region can be attributed to the presence of a 
scalar glueball [2] . This assumption is supported by calculations in quenched lattice 
gauge theory, which predict a scalar glueball in this mass range [3j HJ [5] . The three 
physical states are then viewed as mixed qq and gluonium states, although there 
is not agreement in detail about the mixing [SJ Ej. This is the first scenario we 
consider. 

Calculations in unquenched LQCD [8] suggest that the mass of the lightest glue- 
ball could be considerably lower than in the quenched case, around 1 GeV, casting 
doubt on this mixing model and opening up many other possible interpretations [U] . 
Further, it has been argued that the /o(1370) may not exist [HI EH E], although 
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this is strongly contested [12, 13J. Should the / (1370) not exist, then the lowest 
scalar nonet may be taken to comprise the ao(980), the /o(980), the /o(1500) and 
the Kq(1430). The /o(980) and the /o(1500) are mixed such that the former is close 
to a singlet and the latter close to an octet. The lightest scalar glueball is a broad 
object extending from 400 MeV to about 1700 MeV. This is the second scenario we 
consider. 

Another possibility is that the <r(485), k(700), /o(980) and ao(980) comprise the 
l 3 p ground-state nonet of qq, although their properties are strongly influenced by 
coupling with a low-mass glueball [13] . In this case, in the absence of the /o(1370), 
the /o(1500) and /o(1710) are members of the first radial 2 3 Po scalar excitation 
and may also have a significant glueball component. This is the third scenario we 
consider. 

Finally it has been suggested [13] that the /o(1370) not only exists but is a pure octet 
with strong coupling to tttt, making this the dominant decay channel in broad agree- 
ment with the results of [12]. It is further suggested that the /o(1500) and /o(1710) 
(which are the same pole but observed on different Riemann sheets) correspond to 
an unmixed glueball. This is the fourth scenario we consider. 

Radiative transitions offer a particularly powerful means of probing the structure of 
hadrons as the coupling to the charges and spins of the constituents reveals detailed 
information about wave functions and can discriminate among models. If one as- 
sumes the scalar mesons to be bound qq 3 P states, the radiative decay proceeds via 
a quark loop and the corresponding matrix element can be estimated in the quark 
model. In such framework, both the radiative decay of a vector meson to a scalar 
meson, V — > S7 [T5], and the radiative decay of a scalar meson to a vector meson, 
S — ► V7 [16] have been considered previously. The latter appears to be the more 
useful in practice. It was shown that the radiative decays of the /o(1370), /o(1500) 
and /o(1710) are strongly affected by the degree of mixing between the basis qq 
states and the glueball. It is clear [16] that the discrimination among the different 
mixing scenarios provided by the radiative decays is strong. 

The calculations of [T5l [T6] are relevant for the first scenario we consider. They are 
reviewed briefly in Section [2] and then extended to calculate the radiative decays 
of the scalar mesons in the models appropriate to the second, third and fourth 
scenarios. This calculation includes the ao(980), /o(980) and ao(1450) as well as the 
/o(1370), / (1500) and /„(1710). 

Photoproduction of the scalar mesons at medium energy provides an alternative 
to direct observation of the radiative decays. It is this possibility that we explore 
here and show that it is viable. The dominant mechanism is Reggeised p and u 
exchange, both of which are well understood in pion photoproduction [17]. The 
energy must be sufficiently high for the Regge approach to be applicable but not 
too high as the cross section decreases approximately as s~ x . In practice this means 
approximately 5 to 10 GeV photon energy, which is pertinent to Jefferson Laboratory 
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both now and with the proposed upgrade. In addition to photoproduction on protons 
we consider coherent photoproduction on 4 He, encouraged in this by a recently- 
approved experiment at Jefferson Laboratory [18]. Two advantages of coherent 
production are the elimination of background from baryon resonances, considerably 
simplifying partial-wave analysis of the mesonic final state, and the restriction to 
uj exchange which is better understood in photoproduction than is p exchange. 
The photoproduction model we use is described in Section [3] with full details of 
the calculation in the Appendix. Results for the differential and integrated cross 
sections on protons and 4 He in the narrow-width approximation are also presented 
in this section. 

Mass distributions for specific final states are obtained in Section HI As it is un- 
likely that the charged decay modes of the scalars can be considered because of 
the very much larger cross sections in 7r + 7r~, K + K~, 2h + 2'k~ and 7r + 7r~27r° from 
vector-meson production we concentrate on all-neutral channels which automati- 
cally exclude any vector-meson contribution. Specifically the neutral channels are 
7T 7r°, r]°r]°, -K°rf and An . A discussion of the branching fractions of the /o(1370) is 
included because of the degree of ambiguity associated with this state. 

There is a continuum background to the resonance production. A model for photo- 
production of continuum 7r°7r°, rfrf and it°rf states is presented in Section 14. 2} to- 
gether with examples of the interference between these and appropriate resonances. 
The full details of these calculations are given in the Appendix. 

Radiative transitions of scalars can also proceed via intermediate mesonic loops. 
Generally, the meson loop mechanism is expected to be suppressed due to large- Nq 
considerations. However, in some cases the meson loop mechanism could be quite 
relevant, especially in connection with the ao(980) and /o(980) mesons which reside 
at the KK threshold, so that the admixture of KK molecule in their wavefunction 
is expected to be large. An illustrative example of the /o(980) and ao(980) mesons 
photoproduced via a pseudoscalar loop mechanism is considered in Section [51 

Our conclusions are that suitable combinations of measurements of scalar-meson 
photoproduction can be used to clarify the status of the scalars. These are presented 
in Section El 

2 Radiative Decays 

The most general structure of the ^ySV vertex is [19J 

iFf v = g s (q, (q - k) ■ e - e, q ■ (q - k)) (1) 

where e is the photon polarisation vector, q and k are respectively the 4-momenta 
of the photon and scalar meson, mg is the scalar meson mass, my is the mass of 
vector meson and ik — q) 2 = rriy. 
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The radiative decay width is 



r(s-> 7 v) = ^(i-^| • (2) 



'327r \ m s 



If one assumes the scalar mesons to be bound qq 3 P states, the radiative decay 
proceeds via a quark loop and the corresponding matrix element can be estimated 
in the quark model. The details of the radiative decay calculations we use are 
described in [T5| [T6] and are summarised briefly here. Wave functions were assumed 



to be Gaussian, exp(— p /(2/3| f )), multiplied by an appropriate polynomial and (3m 
was a variational parameter obtained for each state from the Hamiltonian 

H = ^- + ar-\^ + C. (3) 
m q 3 r 

Standard quark-model parameters were used: o = 0.18 GeV 2 , a s = 0.5, m q is the 
quark mass, 0.33 GeV for u and d quarks and 0.45 GeV for s quarks. 

The transition amplitude for the decay at rest of meson A, mass rriA, to meson B, 
mass tub, and a photon of three-momentum p is 

M A ^ B = M^ B + M^, (4) 

where and lSA 9 A ^ B describe the emission from the quark and antiquark re- 

spectively. Explicitly, these are 

M^ fl = A- /d 3 fc[Tr{4(k-ip)0 A (k)}(2k-p) 

-zTr{0 t B (k-ip)a0 A (k)}x P ] (5) 



and 



M^ B = i|rf 3 A;[rr{0 A (k)0Uk + |p)}(2k + P ) 

-ffrWkHt(k+ip)}xp] (6) 



where I q and Iq are isospin factors. 
The differential decay rate is given by 

j^- ft =P^alJ2\M A ^ (7) 

d COS u VTiA — 

where the sum is over final-state polarisations and J = 1? = 7| is the isospin factor 
for neutral mesons. 

It was shown in [151 IB] that the model gives good agreement with existing data and 
in [15] that, in general, the uncertainty due to the use of Gaussian wave functions 
is less than 10%. 
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Decay 


L 


M 


H 


/o(1370)^ 7 P 


443 


1121 


1540 


/o(1500) -> 7/9 


2519 


1458 


476 


/o(1710)-7P 


42 


94 


705 



Table 1: Effects of mixing on the radiative decays of the scalars to p [IS]. The radiative widths, 
in keV, are given for the three different mixing scenarios described in the text: light glueball (L), 
medium- weight glueball (M) and heavy glueball (H). The radiative decays of the scalars to oj are 
| of these. 



Decay 


Width 


a (980) -► 


IP 


14 


/o(980) - 


IP 


83 


/o(1500) - 


► jp 


986 



Table 2: Radiative widths in keV of the ao(980), /o(980) and /o(1500) to p assuming that they 
are all members of the ground-state nonet, and that the /o(980) and /o(1500) are mixed such that 
the former is a singlet and the latter is an octet. For the isoscalars the radiative widths to u> are 
| of these and that for the ao(980) is a factor of 9 larger. 

In [16] the radiative decays of the /o(1370), /o(1500) and /o(1710) were considered 
assuming that they are mixed states of the (uu + dd) and ss members of the ground- 
state l 3 -Po nonet with a scalar glueball. Three different mixing possibilities have 
been proposed [HIE]: the bare glueball is lighter than the bare nn state [7J; its mass 
lies between the bare nn state and the bare ss state [7J; or it is heavier than the 
bare ss state [UJ. We denote these three possibilities by L, M and H respectively. 
The results from [16] for each are given in Table 1. 

In principle, an important check on the reliability of these calculations and of their 
application to photoproduction would be provided by the radiative decay of the 
ao (1450) as this does not have the complication of glueball mixing. Again assuming 
that it is a member of the ground-state scalar nonet, its decay width to p7 is 

r(a (1450) -> pi) = 298 keV (8) 

and its decay to is a factor of 9 larger. 

In scenario II the a (980), / (980) and / (1500) together with the #£(1430) form 
the ground-state nonet, with the / (980) and / (1500) mixed such that the former 
is close to a singlet and the latter close to an octet. The radiative decay of the 
/o(1500) can be calculated in the same model as before, with the result shown in 
Table 2. For the a (980) and / (980) we use the results of [IS], also shown in Table 
2, with the / (980) width corrected for the assumption that the / (980) is a singlet. 

In scenario III the ao(1450) is a member of the first radial 2 3 P excitation, as it is 
in scenario II, together with the / (1500), / (1710) and ^(1430). The radiative 
widths of the ao(1450) and /o(1500) calculated on the basis of this assumption are 
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Decay 


Width 


a (1450) -» 7 p 
/o(1500) -> 7 p 


65 
679 



Table 3: Radiative widths in keV of the ao(1450) and /q(1500) to p assuming that they are members 
of the first radially-excited nonet. The radiative widths to u> are a factor larger for the ao(1450) 
and § for the / (1500). 



given in Table 3. This calculation is much more sensitive to the choice of parameters 
than is the ground-state calculation, so the results in Table 3 are not as reliable as 
those in Tables 1 and 2. 

Finally, scenario IV is analogous to scenario II with the /o(1370) replacing the 
/o(1500) as the octet member of the ground state nonet. Its decay width to p7 is 

r(/ (1370) -> pi) = 757 keV (9) 



3 Scalar Photoproduction 

In this section we develop the formalism for scalar photoproduction and present the 
differential and integrated cross sections in the narrow-width limit of the scalars for 
each of the four scenarios considered. 



3.1 Cross section formalism 

Let q, pi, k, p2 be respectively the 4-momenta of the photon, initial proton, scalar 
meson and recoil proton. The 7SV vertex has the form given in (CQ). The SV^ 
coupling, gs, is obtained from the radiative decay width ([2$ and is assumed to be 
constant. The VNN vertex is 

F„ NN = Wvlu ~ 9tVut(P2 - Pl)r • (10) 

The uNN couplings are rather well defined [20]. We have used g v = 15 and g% = 
as this gives a good description of n° photoproduction [T7j. The pNN couplings 
are not so well defined, with two extremes: strong coupling [20] or weak coupling 
[2H [221 [23] • We are again guided by pion photoproduction [T7] and choose the strong 
coupling solution with g v = 3.4, g>£ = 11 GeV -1 . 

The vector meson propagator is 

Pi = ^r t {^-^-pi),(p2-Pi)u} 
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The complete photoproduction amplitude with the vector meson exchange mecha- 
nism is then 

M^(s,t)e M = u(p2)(iV7 v + Bjufafa (12) 



where 
with 

and 
with 



A,,,, = aig^iq ■ k) - k^q u ) = a(g^ u (q ■ p) - p^q u ), (13) 



9s(gv +_2m p g T ) 
4 



a = f , 14 

•mi, — t 



= b(p 1/M (q ■ k) - k„(q ■ Pi)) = 6(p lM (g • p) - p^q ■ pi)), (15) 
, 2g s g T 



my — t 



(16) 



For the exchange of a single vector meson we find (see Appendix), 

|M(s,t)| 2 = -±aa*(s(t-t 1 )(t-t 2 ) + \st{t - m 2 s ) 2 ) 
-\(ab* + a*b)m p s(t - h)(t - t 2 ) 
-lbb*s(4m 2 p -t)(t-t 1 )(t-t 2 ). (17) 

where t\ and t 2 are the kinematical bounaries given by equations (|A.7p . and the 
differential cross section is 

da \M(s,t)\ 2 



dt 167r(s — m 2 ) 2 



It 



3.2 Reggeisation 

The standard prescription for Reggeising the Feynman propagators in ffTTj) . assuming 
a linear Regge trajectory ay it) = ctyo + oc' v t, is to make the replacement 

t — niy Vs / sin(7ray(t)) 2 r(ay(t)) 

This simple prescription automatically includes the zero observed at t ~ —0.5 GeV 2 
in both p and exchange and provides a satisfactory description of the p and uj 
exchange contributions to pion photoproduction [17J. We know that this approxi- 
mation is not precise as there are additional contributions, in particular from Regge 
cuts that are clearly required by finite-energy sum rules [23 US E6] and, for vr pho- 
toproduction, from the trajectory associated with &i(1235) exchange [T71 ES, [26] . 
However the overall effect of these additional contributions is small, the principal 
effects being to weaken the dip in the cross section and to modify the energy de- 
pendence at large \t\. The prescription (ITU1) does not require the addition of form 
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proton 


4 Hc 


Scalar 


L 


M 


H 


L 


M 


H 


/o(1370) 


27.1 


68.6 


94.2 


0.64 


1.63 


2.23 


/o(1500) 


89.9 


52.1 


17.0 


1.55 


0.90 


0.29 


/o(ino) 


0.7 


1.6 


11.8 


0.0026 


0.0058 


0.043 



Table 4: Integrated photoproduction cross sections in nanobarns on protons and 4 He at E 1 = 5 
GeV for the three different mixing scenarios: light glueball (L), medium- weight glueball (M) and 
heavy gluebal (H). 



factors at either vertex when applied to pseudoscalar photoproduction so we adopt 
the same procedure here. We assume non-degenerate p and u trajectories 

a p = 0.55 + 0.8t 

a w = 0.44 + 0.9t (20) 
For photoproduction on 4 He we assume that the cross section is given by 

— It — = — It — l 4FHe(t) ) ' (21) 

where Fn e (t) is the helium form factor [27] 

F He (t) « e 9t . (22) 

The justification for the assumption ( 12T1) is the low level of nuclear shadowing ob- 
served on 4 He at the energies with which we are concerned, for both pion and photon 
total cross sections [28]. Writing 

&hA = A eS (7hN, (23) 

where h can be a pion or a photon, it is found that A e ^ « 0.9 at the energies in 
which we are interested. Further, the detailed behaviour of A c g as a function of 
photon energy and nucleus is rather well described by a simple vector-dominance 
model [2~B1. 



3.3 Narrow-width Cross Sections 
3.3.1 Scenario I 

The differential cross sections for photoproduction of the /o(1370), /o(1500) and 
/o(1710) on protons and 4 He at = 5 GeV are shown in Figure 1 and the integrated 
cross sections are given in Table 4. In each case results are given for the three 
possible glueball masses: light (L), medium (M) and heavy (H). The cross sections 
for photoproduction on protons decrease with energy at the rate expected from 



s 




0.5 1 1.5 2 0.1 0.2 0.3 0.4 0.5 



-t (GeV 2 ) -t (GeV 2 ) 

Figure 1: Scenario I. Differential photoproduction cross sections on protons (left column) and 4 He 
(right column) in nb GeV -2 for /o(1370) (top row), /o(15QO) (middle row) and /o(1710) (bottom 
row) at E 1 = 5 GeV. The glueball masses are L (red), M (green) and H (blue) in each figure. 
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Figure 2: Differential photoproduction cross sections in nb GeV 2 for ground-state ao(1450) on 
(a) protons and (b) 4 He at E 1 — 5 GeV. 

( IT9*1) so at Ej = 10 GeV are about half of those in Table 4. However the cross 
sections for photoproduction on 4 He do not decrease, and for the / (1500) and 
/o(1710) actually increase. This is due to the combined effect of the 4 He form factor 
enhancing the contribution from small t and the maximum of the differential cross 
section on protons moving to smaller t with increasing energy. Note that for 4 He it 
is necessary to have \t\ > 0.1 GeV 2 as this is the minimum achievable momentum 
transfer at which the recoiling a-particle can be detected [29] . 

The cross sections for photoproduction on 4 He are very much smaller than those for 
photoproduction on protons. There are three reasons for this. 

• Switching off p exchange for photoproduction on protons reduces the cross sec- 
tion by a factor of about 16, cancelling the factor 16 from coherent production. 

• The helium form factor suppresses the cross section except at very small t. 

• There is the experimental requirement that \t\ > 0.1 GeV 2 for the recoiling 
helium to be detected. 

Obviously the cross sections for light, medium and heavy glueball masses reflect 
directly the radiative decay widths of Table 1 and, if it were practical, ratios of cross 
sections / (1370) : / (1500) : / (1710) would give an immediate result and "weigh" 
the glueball. The change from L to H is more than a factor of five, L to M nearly 
a factor of two and M to H nearly a factor of three. Coherent production on 4 He, 
if practical, would be particularly important quite apart from the elimination of 
contributions from excited baryons. Not only are the trajectories associated with 
p and &i(1235) exchange excluded, any Regge cut effects should be comparable for 
each scalar, so in the ratios the uncertainty in their contribution will be minimised. 
The ratios also remove any ambiguity associated with form factors and the uNN 
coupling. However, as we shall see, the situation is not nearly so clear-cut when we 
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State 


proton 


4 Hc 


a (980) 


167.9 


47.2 


/o(980) 


91.0 


3.5 


/o(1500) 


35.4 


0.6 


a (1450) 


21.4 


4.7 



Table 5: Scenario II. Integrated photoproduction cross sections in nanobarns on protons and 4 He 
at E 1 = 5 GeV for the ao(980), /o(980), /o(1500) and ao(1450) assuming that the isoscalars are 
members of the ground-state nonet, that the /o(980) is pure singlet and the /o(1500) is pure octet 
and that the ao(1450) is the first radial excitation. 

come to consider particular final hadronic states. In particular, once the standard 
Tin branching fractions (see Table 7 in Section 4) are taken into account the cross 
sections for / (1370), / (1500) and / (1710) photoproduction on 4 He in specific 
channels are too small to be practical. However the /o(1370) would be an exception 
if the Tin branching fraction suggested by Bugg [12] is correct. See the discussion 
relating to Table 7 in Section 4. 

The integrated photoproduction cross sections for ao(1450) are 98 nb on protons and 
21 nb on 4 He. In contrast to the isoscalars, the cross section for photoproduction of 
the isovector a (1450) on 4 He is not strongly suppressed as its dominant radiative 
decay is to uj. The differential cross sections for a (1450) photoproduction on 
protons and 4 He are shown in Figure 2. In this scenario the ao(980) and /o(980) are 
not nn states and discussion of them is deferred until Section 5. 

3.3.2 Scenario II 

In this scenario the lowest nonet now comprises the a (980), /o(980) (singlet), 
/o(1500) (octet) and the K*(U30). The a (1450) is assigned to the 2 3 P radial 
excitation. The integrated cross sections for photoproduction of the ao(980) and 
/o(980) on protons and 4 He at E 1 = 5 GeV are given in Table 5 and the differential 
cross sections in Figure 3. As for the ao(1450) in scenario I, the cross section for 
photoproduction of the isovector ao(980) on 4 He is large. The large photoproduction 
cross sections for the a (980) and /o(980) in this scenario are a direct consequence 
of their being nn states. A corollary is that if the a (980) or / (980) are non-ran 
states, as in scenario I, even a small nn admixture will lead to a significant increase 
in the cross section. The integrated cross sections for the /o(1500) and the a (1450) 
are also given in Table 5 and the differential cross sections on protons in Figure 3. 

3.3.3 Scenario III 

As in scenario II, the ao(980) and /o(980) are in the nn ground-state nonet but the 
/o(980) is no longer a singlet. The integrated cross section and differential cross 
section for the ao(980) are as in Table 5 and Figure 3, but the results for the /o(980) 
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0.5 1 1.5 2 0.5 1 1.5 2 



-t (GeV 2 ) -t (GeV 2 ) 

Figure 3: Differential photoproduction cross sections in nb GeV -2 on (a) protons and (b) 4 He 
for the ao(980) (brown curves) and /o(980) (azure curves) assuming that they are members of 
the ground-state nonet and that the /o(980) is a pure singlet, and on protons (c) for the /o(1500) 
assuming that it is a member of the ground-state nonet and is a pure octet and (d) for the ao(1450) 
assuming it is in the first radial excitation. 

in Table 5 and Figure 3 need to be scaled up by a factor of 1.5. Both the a (1450) 
and /o(1500) are now members of the first radially-excited nonet. The results for 
the ao(1450) are as in Table 5 and Figure 3(d). The integrated cross sections for the 
radially-excited /o(1500) are 24.7nb on protons and 0.4nb on 4 He. The differential 
cross section for /o(1500) on protons is shown in Figure 4(a). 



3.3.4 Scenario IV 

This scenario is analogous to scenario II with the /o(1370) replacing the /o(1500) as 
the octet member of the ground-state nonet. The integrated cross sections for pho- 
toproduction on protons and 4 He at E~ = 5 GeV are 47 nb and 1.1 nb respectively. 
The differential cross section at E 1 = 5 GeV is shown in Figure 4(b). 
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da 
dl 



100 




(b) 



100 
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0.1 1 1 1 1 1 0.1 1 1 1 1 1 

0.5 1 1.5 2 0.5 1 1.5 2 

-t (GeV 2 ) -t (GeV 2 ) 

Figure 4: Differential photoproduction cross sections on protons in nb GeV -2 for (a) /o(1500) 
assuming that it is a member of the first radially-excited nonet and (b) /o(1370) assuming it is the 
octet member of the ground state nonet. 



4 Mass Distributions 

We present results for the 7r°7r° channel for the isoscalars. Other pseudoscalar- 
pseudoscalar channels can be obtained from these by scaling using the branching 
fractions of Table 7, or the results of Bugg p2] for the special case of the /o(1370). 

4.1 The signal 

To obtain mass distributions for the /o(1370), /o(1500), /o(1710) and ao(1450), 
we represent them as relativistic Breit-Wigner resonances with energy- dependent 
partial widths. The signal cross section for the final state i is given by (see Appendix) 

da _ da (t,M) 2m| r\-(M) 



dt dM " dt 7i (m| - M 2 ) 2 + M 2 r|, ot ^ 

where da (t,M)/dt is the narrow- width differential cross section at a scalar mass 
M. For pseudoscalar-pseudoscalar final states the partial width Tj(M) is given in 
terms of the SPP coupling gi by 

= MM,™.,**) ( 

with 



p(M, m a , m b ) = y/(l - (m a + m b ) 2 /M 2 ){l - (m a - m b ) 2 /M 2 ), (26) 

where m a and m b are the masses of the two scalars. Conversely is determined 
from the partial width at resonance, putting M = ms in ([25j). 
The 4tt channels 2tt + 2tt~ , 7t + 7t~2tt and 47r° represent a significant fraction of scalar 
decays and are dominated by pp and ao. As we do not consider them explicitly, we 
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Channel 


PDG 


WA102/CK 


CB 


7T7T 


34.9 ±2.3 


33.7 ±3.4 


33.9 ±3.7 


7777 


5.1 ±0.9 


6.1 ±0.1 


2.6 ±0.3 


J]Tj 


1.9 ±0.8 


3.2 ±0.7 


2.2 ±0.1 


KK 


8.6 ±0.1 


10.7 ±2.4 


6.2 ±0.5 


47T 


49.5 ±3.3 


46.3 ±8.5 


55.1 ± 16.9 



Table 6: Branching fractions in percent for the /o(1500) from the PDG pQ, the WA102 experiment 
[32] from the analysis of Close and Kirk [7] (CK) and the Crystal Barrel experiment [33J (CB). 



represent them collectively using the parametrisation of Air phase space suggested 
byBugg[TJ]: 

y/(l - 16m* /M*) 
P ^ M) = l + exp[-A(M*-Mg)] (2?) 
with M = 1.799 GeV and A = 3.39 GeV^ 2 . Then for the 4vr states we take 

1 4tt = 74tt 7 r, 1/8) 

so that 74^ is the 47r partial width at resonance. 
The total width is then 

r Tot (M) = ^r,(M) (29) 

i 

Although the dominant decay of the / (980) is 7T7t and that of the a (980) is ttt], 
both branching fractions being about 0.85 with the remainder in KK [TJ, these states 
reside at the KK threshold, so the procedure outlined above is not reliable. Instead 
we use the Breit-Wigner parametrisations obtained in the analysis of radiative 
decays [30l [31] . In this section the "no-structure" versions of the fits are employed, 
which correspond to a point-like (ft'jS vertex, and are in line with the quark-loop 
radiative transition assumption. The Breit-Wigner width takes the form 

r ( M) = f*SM + 

2 v K ±(M) + V K o(M) 
9kk 8nM2 , m 

where v w (M) = a/ Af 2 /4 — and v K (M) = ^M 2 /A- M 2 RR are momenta with 
an analytical continuation below threshold. The corresponding parameters are M = 
0.9847 GeV, Qk+k- — 9k°k° = 0-4 GeV, g^^- = y/^g^o^o = 1.31 GeV for the 
/o(980), and M = 0.983 GeV, g K+K - = g K o RO = 1.57 GeV, g nv = 2.2 GeV for the 
a (980). 

In order to obtain mass distributions it is necessary to have accurate branching 
fractions to hadronic final states. This is the case for the /o(1500) but not for the 
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State 


TTTT 


KK 


7777 


rjr]' 


/o(1370) 


0.027 


0.013 


0.004 




/o(1500) 


0.337 


0.107 


0.061 


0.032 


/o(1710) 


0.119 


0.595 


0.286 





Table 7: Branching fractions for the scalars from [32] and [7]. 

/o(1370) or / (1710), particularly the former [U [TU1 [121 El C3] • The various hadronic 
decay channels of the / (1500) are well defined. This is illustrated in Table 6 in 
which the branching fractions, in percent, are given from the PDG pQ, the WA102 
experiment [32] as obtained in the analysis of Close and Kirk [7] and the Crystal 
Barrel experiment [33J. The usefulness of the ao(1450) as a check on the model is 
also compromised by the limited information on the hadronic branching fractions 
PQ which we discuss below. 

For definiteness we use the results of the WA102 collaboration [32j for the isoscalars. 
These comprise a complete data set for the decay of the /o(1370), /o(1500) and 
/o(1710) to all pseudoscalar meson pairs. As only relative branching ratios are 
provided, to get the absolute branching ratios that we require we use the analysis 
of these data in [7j to take account of other channels. The branching fractions to 
pseudoscalars are summarised in Table 7. Of course for the 7r°7r° channel the hit 
branching fraction shown has to be divided by a factor of three. We also take results 
of the WA102 collaboration [32] for the total widths, 272 ±50 MeV for the / (1370), 
108 ± 18 MeV for the / (1500) and 124 ± 24 MeV for the / (1710). 

We see from Table 7 that the branching fractions of the /o(1370) to pseudoscalars 
are small, the principal decay mode being to 47r [33]- However there is a major 
disagreement with the inr branching fraction shown in Table 7. In the analysis of 
Bugg [12] , the 27r:47r ratio at resonance is given as 6:1. The results of Albaladejo and 
Oiler [13] imply that the three pseudoscalar channels tttt, rji] and KK saturate the 
decay modes of the /o(1370) with nn dominant. The consequences of this alternative 
view of the /o(1370) are discussed where appropriate. 

The relative branching fractions nrf (980) / irrj and KK/tti] of the ao(1450) are 0.35 ± 
0.16 and 0.88 ± 0.23 respectively [lj. However the dominant decay mode of the 
ao(1450) appears to be uim [34], although there is some uncertainty in the actual 
branching fraction pQ. Relative to tctj it is quoted as 10.7 ± 2.3, obtained by com- 
paring the total rates of pp — > ao(1450)7r for cto(1450) — > ttt] and ao(1450) — ► cj7r + 7r~ 
and assuming the umn final state is up. The uncertainty is also reflected in the 
width, so as the ao(1450) is peripheral to our argument we do not show any mass 
distributions but simply note that the cross section for ao(1450) photoproduction is 
sufficiently large for it to be used to clarify the a (1450) decay modes. 
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= 5 GeV for (a) 



/o(1370), (b) / (1710) and (c) / (1500). The glucball masses are L (red), M (green) and H (blue) 
in each figure. 
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Figure 7: Scenarios III and IV. (a) Differential 7r°7r° mass distributions in nb GeV -1 at E 1 = 5 
GeV for the /o(1500) as an octet ground state (red) and as a member of the first radial excitation 
(green), (b) Differential 7r°7r° mass distribution in nb GeV -1 at E 1 = 5 GeV for the / (1370) as 
an octet ground state. 

4.1.1 Scenario I 

The 7i°7i° mass distributions da/dM for the /o(1370), /o(1500 and the /o(1710) are 
given in Figure 5, in each case for light, medium and heavy glueball masses and 
using the branching fractions of Table 7. Note the difference in scale in Figure 
5(c), reflecting the small 7T7T branching fraction for the /o(1370) and the small cross 
section for the /o(1710). However if the irn branching fraction of the /o(1370) from 
the analysis of [121 H3] is used instead of that in Table 7 the mass distribution is about 
a factor of 30 larger. The distortion of the Breit-Wigner line shape for the /o(1370) 
arises primarily from the combined effect of the small tttt branching fraction and the 
large, rapidly-rising Att channel in the denominator. As the Jo (980) and ao(980) are 
not nn states in this scenario discussion of them is deferred to Section 5, where the 
extreme possibility of a purely molecular assignment is considered. 

4.1.2 Scenario II 

The ao(980), /o(980) and /o(1500) are members of the ground-state nonet with the 
/o(980) and /o(1500) mixed such that the former is a singlet and the latter is an 
octet. The 7r°7r° and tt i]° mass distributions for the /o(980) and ao(980) are shown 
in Figure 6(a) and 6(b) respectively. The 7r°7r° mass distribution for the /o(1500) is 
given as the red curve in Figure 7(a). The / (1370) does not exist in this scenario. 

4.1.3 Scenario III 

The a (980) and the /o(980) are as in scenario II, although the latter is no longer 
a singlet so the 7r°7r° mass distribution should be scaled up by a factor of 1.5. The 
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/o(1500) is now a member of the first radial excitation and the corresponding 7r 7r 
mass distributionm is shown as the green curve in Figure 7(a). The /o(1370) does 
not exist in this scenario. 



4.1.4 Scenario IV 

This is analogous to scenario II, but the octet member is the /o(1370). The 7r°7r° 
mass distribution is given in Figure 7(b) using the branching fraction of Table 7. 
Recall that if the tttt branching fraction of the /o(1370) from the analysis of [T2"j [TB"] 
is used instead of that in Table 7 the mass distribution is about a factor of 30 larger. 
The /o(1500) and /o(1710) are considered to be unmixed glueballs so cannot be 
photoproduced directly. 



4.2 Continuum background 

There is a coherent, continuum background in the 7r°7r°, 7r°?7 and r]°r]° channels. 
The production mechanism is illustrated in Figure 8. 

Each graph has the form 

= gig2^^ P p 1 qpv 1 t puX(J PxVaF v D(s, t)U(v). (31) 

As before, q is the photon momentum, p = p\—p2 where p\ and P2 are the initial and 
final proton momenta and v = k — q where k is the momentum of the pseudoscalar 
in the upper vertex. F u is given by ([T]), D(s,t) is the Regge propagator ffT9"j) and 

mi — v z — imA 



v 1 - V 



where m v and T v are the mass and width of the vector meson in the upper half of 
the graph. The quantities gi, g 2 are respectively the j-Pi-Vi and V1-P2-V2 coupling 
constants at the top and middle vertices of the diagrams. 

The product of the coupling constants g%g2 = Cgo, where go can be estimated from 
[351: 



_ G 2 e 3V2g 2 

90 G "W (33) 

with g = 4.2 and / = 132 MeV. This gives g\ = 1.514 x 10 4 a em GeV" 2 . The 
constant C = Cv 2 p 1 p 2 is the appropriate Clebsch-Gordan coefficient, 



1 — n — "\n - 1. ^-C 1 ±r - in - "n (ia.} 

x ^ prnr tJK - / unTiT V 2 P^V \/ 2 u;nr l 2 PVV 2 i^VV \ J 

The explicit calculation is given in the Appendix and the results for 7r°7r°, 7i°rj° and 
r]°r]° are shown in Figure 9. This continuum background is sufficiently large that 
it must be taken into account in any analysis of scalar photoproduction, and this 
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T2 
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>n 



Figure 8: Feynman diagrams for continuum 7r°7r°, rj°7] and ir°r] photoproduction. In addition 
there are diagrams with tti «-> 7T2 and rj\ <-> 772 for the first two. 
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Figure 9: Continuum 7r°7r°, vt°?7 and rprf backgrounds in nb GeV . 
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Figure 10: Interference cross section in nb GeV -1 between the 7r°7r° continuum background and 
the /o(1500) for different values of the relative phase <f> in scenario I. The glueball masses are L 
(red), M (green) and H (blue) in each figure. 

is the primary reason for including it. There are, of course, additional continuum 
background contributions from reactions such as 7^ — > A(1232)7r, 7^ — > A(1232)?7 
and 7p — > iV(1535)7r that are less amenable to calculation but must also be taken 
into account in analysis. 

4.3 Interference 

In any experimental environment, the interference pattern will be complicated. In 
addition to interference between a given scalar and the continuum background there 
will be interference among the scalars themselves. Accordingly we restrict discussion 
to a simple illustrative example. 

The formula for the cross section describing the interference between direct produc- 
tion of a single scalar, as in Section 3, and the continuum background is given in the 
Appendix. The results for the /o(1500) in scenario I, for constant relative phases of 
0°, 90°, 180° and 270° are given in Figure 10. 
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5 Meson Loop Mechanism 



As was already mentioned in the Introduction, radiative transitions of scalars can 
also proceed via intermediate meson loops. This is widely discussed in connection 
with the possibility of scalar resonances generated dynamically. Indeed, if the scalars 
contain significant admixtures of compact quark states, then both quark loops and 
meson loops contribute to the radiative transition amplitude, while in the case of 
dynamically generated resonances (molecules) only meson loops contribute. 

The most well-studied case is transition via loops of charged pseudoscalars, in which 
case the jSV vertex takes the form of equation (CQ) with the coupling gs{rn 2 Sl my) 
given by 

/ 2 2\ gppvgpps T i ,x / Q _v 

g s {m s , m v ) = e— — I P (a, 6), (35) 

ATT Ulp 

where a = my/mp, b = m 2 s /m P , mp is the mass of the pseudoscalar in the loop, 
gppy and gpps are the VP + P~ and SP + P~ coupling constants. The explicit ex- 
pression for the loop integral function Ip(a, b) is given in the Appendix. 

As shown in |19| . the decay rates involving /o(980) and ao(980) exhibit a distinct 
hierarchy pattern: the closer the mass of the vector meson to the KK threshold, the 
larger is the contribution of the kaon loop. So the intermediate kaon-loop mechanism 
should dominate the — > decay amplitude, as suggested in |36j. The estimates 
for scalar radiative widths in the KK molecular model for scalars are 



IW/o - IPM « 3 keV, (36) 

in contrast to the quark-loop results of Table 2. Thus the decays a / f — > IP/ -' 
provide strong discrimination between models for these scalars. 

In scenario I the ao(980) and /o(980) are not nn states. In this section we consider 
the extreme possibility of a pure molecular assignment for them, in which case the 
relevant photoproduction mechanism is via a meson loop. The calculation of the 
a (980) cross section is straightforward as only the kaon loop contributes. In the 
/o(980) case there is also a contribution from the 7r + 7r~ loop. The photoproduction 
formalism is presented in the Appendix, and mass distributions are shown in Figure 
11. The integrated cross sections are 1.3 nb for the /o(980) and 0.5 nb for the 
ao(980). As expected, these cross sections are small, in accordance with general 
arguments given in [19J. 

Recently the contribution of intermediate vector meson channels to scalar radiative 
decays has been considered [37J [38] - In particular, non- negligible contributions to 
the ao(980) — > -you ([37]) and /o(1710) — ► -yp (|38j) amplitudes were obtained. There 
is, however, an important difference between a purely pseudoscalar loop and one 
with vector mesons. The former amplitude is finite (see the discussion in [39l HQ]), 
while the latter diverges logarithmically and a cut-off is needed. It is claimed in 
[37, 38] that this divergence can be properly treated, though the details of the cut- 
off dependence are not given there. 
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Figure 11: (a) Differential 7r 7r° mass distribution in nb GeV -1 at E~ — 5 GeV for the /o(980) in 
the pseudoscalar loop model, (b) Differential ir°r] mass distribution in nb GeV -1 at E~ — 5 GeV 
for the ao(980) in the pseudoscalar loop model. 

In the photoproduction context, including intermediate vector mesons corresponds 
to taking into account final state interactions in the background graphs of Figure 
9 (and, also, including K and K* mesons in the loop). The 7r + 7r~ and K + K~ 
S-wave photoproduction has been treated in [JT] in such an approach. Corresponding 
contributions are to be taken into account in the analysis of the photoproduction of 
neutral pairs as well, as they are potentially important. 

6 Conclusions 

It is clear that light-quark scalar meson photoproduction on protons is a practical 
proposition given the luminosities available to modern photoproduction. Although 
we have limited the discussion to neutral pseudoscalar-pseudoscalar final states, 
most of the cross sections we have obtained are sufficiently large to allow for limited 
acceptance for these channels. Unfortunately the cross sections on 4 He are small for 
the isoscalars due to their dominant radiative decay being to pj. Of course for the 
isovectors, with their dominant radiative decay being to ory, the cross sections for 
photoproduction on 4 He are comparable to those on protons. 

To resolve all the issues discussed in the Introduction requires obtaining the pho- 
toproduction cross section for at least two scalars, but there are exceptions. There 
are two cases where the difference between different models for a particular scalar is 
so great that the issue can be settled by measuring the cross section for that scalar 
alone. 

The first of these is the question of the nature of the ao(980) and /o(980), in partic- 
ular whether there is a significant, or even dominant, nn component in their wave 
function. The full nn cross section is given in Table 5 and an estimate of the non- 
nn cross section in Section [5j Both the ao(980) and /o(980) have been observed 
in photoproduction, at CLAS [29] with quasi- real photons from a 5.75 GeV elec- 
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tron beam and at CB-ELSA at 7p centre-of-mass energies up to 2.55 GeV [4*21 14*3"] . 
The CLAS data have not been fully analysed, but ir°r) and 7r°7r° mass plots (not 
acceptance corrected) show clear evidence for the a (980) and Jo (980) respectively 
Preliminary results from ELSA also show evidence for ao(980) [42] and /o(980) [43] 
photoproduction at the upper end of their energy ranges. These data point to an 
admixture of nn in the ao(980) and /o(980) wave functions. Given the small cross 
section anticipated in the molecular model, even a modest admixture of nn in the 
wave function will dominate the cross section. 

The /o(1370) provides the second case where measuring the cross section would 
resolve the issue of its tttt branching fraction and possibly also the issue of its exis- 
tence. The cross section for / (1370) photoproduction at E y = 5 GeV varies from 
scenario to scenario. In scenarios II and III the /o(1370) does not exist. In scenario 
I the cross section varies from 27 nb to 94 nb as the glueball mass varies from light 
to heavy and in scenario IV, as the octet member of the ground-state nonet, the 
cross section is 140 nb. So the non-zero cross sections vary by a factor of 5. The 
conventional branching fraction is 2.7%, but in the analyses of [121 [13] it is closer to 
80%, that is a factor of 30 larger. So for a tttt branching fraction of 2.7%, the cross 
section times the 7r°7r° branching fraction lies in the range 0.24 to 1.26 nb, while for 
a tttt branching fraction of 80% the range is 7.2 to 37.3 nb. The CLAS 7r°7r° data 
cover this mass range and so, in principle, could be used. 

For the /o(1500) the photoproduction cross sections in various scenarios are very 
similar, so that it is not necessarily possible to use the /o(1500) by itself to resolve 
the ambiguities surrounding the nature of the scalars. The cross sections in scenario 
I with a heavy glueball is 17 nb, in scenario II as the octet member of the ground- 
state nonet it is 35 nb and in scenarios III and IV as a member of the first radial 
excitation the cross section is 25 nb, although this should probably be considered 
as an upper limit due to its sensitivity to the wave functions. However in scenario 
I, if the glueball mass is in the light to medium range, with cross sections of 90 nb 
and 52 nb respectively, then a clear result can be obtained. Otherwise results on 
the /o(1500) must be combined with those for the /o(980) or the /o(1370). 

In principle, photoproduction of the ao(1450) can also provide some discrimination 
aince the cross section as a member of the ground-state nonet (98 nb) is nearly a 
factor of 5 larger than that as a member of the first radial excitation (21 nb). Unfor- 
tunately the considerable uncertainty in the branching fractions [1] does not make 
this feasible at present. However some information on ao(1450) photoproduction 
could, in principle, be obtained from the CLAS tt i]° data as they cover the relevant 
mass range. 

Because of the large 47r branching fraction of the /o(1370) (with the conventional 
values) and the /o(1500), and the implied large 5tt branching fraction of the ao(1450), 
if measurement of these channels were technically feasible then this would not only 
add to our information about the scalars but would assist in resolving their nature. 
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Appendix 



A.l Narrow- width cross section 

To obtain the formula (1171) note that we can write 

+ B^ = M^(a 7l , + bp lu ) = aM^ v + bN^ (A.l) 

with 

= g^ u (q ■ p) - p^q u , N u = M^p^. (A. 2) 

The required trace is 

T c = lTr{( 1 - P 2 + m p )(aM^ x + bN„)(j-pi+m p )(a*M fll/ j v + b*N tl )} 
= |aa*M juA M jUV Tr{(7 • p 2 + m p )jx(l • Pi + m P )lv} 
+ la*bN fl M flu Tr{(-f ■ p 2 + m p ){^ ■ pi + m p )^ u } 
+\ab*M IJiX N fi Tr{(j ■ p 2 + m^xd • Pi + m p )} 

+\bb*N fl N fl Tr{( 1 ■ p 2 + m„)( 7 • Pl + m p )}. (A.3) 
The basic traces entering (1A.3|) are 

^Tr{(7 -pa + ™ p )7a(7 • Pi +™p)lv} = g\„(m 2 p - p t ■ p 2 ) + p 2 \p lv + P\\p 2v 
|Tr{(7 • p 2 + m p )7 A (7 • pi + m p )} = m p (pi X +p 2 \) 

\Tr{('j-p 2 + m p )('y-p 1 +m p )} = m 2 p +p 1 -p 2 (A.4) 

Inserting (1A.4I) in ( 1A.3I) gives 

T c = aa*((mJ-(p 1 -p 2 ))M^M^ + 2A M A M ) 

+2m p (a*6 + ab^N^ + [m% + ( Pl • p 2 ))bb* (A.5) 

Equation (1A.5I) can be rewritten in terms of invariants as 

aa* (±sH + \st{t - 2m 2 p - m 2 s ) + \{2m A p t + t(t - m 2 s ) 2 + mj(-2tm| + 2mf ))) 

+ (ab* + a*b) (m p s 2 t + m p st(—2m 2 + t — m 2 s ) + m p (m 2 t — m 2 s t + mlj) j 

+66* (4m 2 - t) | (s 2 t - st (2m 2 - t + m|) + m 2 (mjt - m\t + mf )) (A.6) 

The result (IA.6[) can be written compactly in terms of the kinematical bounaries t\ 
and t 2 which are given by 

1 ( '2 „\2 , 2/2 



' 2 = 2s V l m P~ s ) +m s {m p + s) 

±(m 2 p - s)^((m 2 p - s) 2 - 2m|(mJ + s) + mj)), (A.7) 
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so that for the exchange of a single vector meson 

\M(s,t)\ 2 = -T c = -iaa*(s(t-ti)(t-t 2 ) + \st(t-m 2 s ) 2 ) 

-\{ah* + a*b)m p s{t - ti){t - t 2 ) 
-\bb*s{Am 2 p -t){t-t x ){t-t 2 ). (A.8) 

Finally the differential cross section is given by 

d -l = T JL (A 9) 

dt 167r(s-m 2 ) 2 ' 1 ' } 

Obviously in practice the amplitudes for p and u exchange are added coherently. 
A. 2 Signal cross section 

The differential cross section for the production of a scalar, mass M, and its decay 
to two pseudoscalars, masses m a and m b , is 

da s 1 ki(M,m a ,m b ) 



dt dM dQ 2% 4 (s - m 2 ) 2 



-T s . (A.10) 



with ki(M,m a ,m b ) = v/(M 2 - (m a + m 6 ) 2 )(M 2 - (m a - m b f)/2M. 
Following (1A.5I) . Ts is 

T s = a s a s {{m 2 p -{p l -p 2 ))M^M^ + 2N p N p ) 

+2m p (a s b* s + b s a s )N p N p + {m 2 p + (pi ■ p 2 ))b s b s N ll N^ (A.ll) 

with 

as = m 2 _ M t_ iM Y T ( 9s p( 9v p + 2m p9Tp)D P + gsMvw - 1rn p g T J)D w ) 

b s = 5 f (2g Sp g Tp D p + 2g Sul g Tw D ul ). (A.12) 

m s — M z — iMl Tot 

Both p and w exchanges have been included explicitly and _D p , are the Regge 
propagators. . 

The decay constant g\ in ( 1A.12I) is defined in terms of the partial width Tj at reso- 
nance by 

_ g 2 pi(m s ,m a ,m b ) 

16iims 
with 

p,(M,m a ,m fe ) = v/(f-(m a + m 6 ) 2 /M 2 )(f-(m a -m 6 ) 2 )/M 2 ) = 2fcj(M, m«, m 6 )/M. 

(A.14) 

Substituting ( 1A.13I) in ( 1A.12I) and recalling ( 1A.9I) gives 
do- da (t,M)2m 2 s r<(M) 



(A.13) 



dM " dt 7T (m 2 - M 2 ) 2 + M 2 r 



2 ' 
Tot 



(A.15) 



where dao(t,M)/dt is the narrow-width cross section at the scalar mass M. 
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A. 3 Background cross section 

First note the simplification of ( 13TT) 

tw^qpv^pvXoPWv = -g^u({q ■ p)v 2 - (q ■ v)(v. ■ p)J - v^,(q v {p ■ v) - v u (q ■ p)J 

-Pp(v v (,q - v) - q u v 2 ) (A.16) 
and define, with % = 1,2, and define, with i = 1, 2, 

h = (q ■ pfv 2 - (q • Vi)(p ■ Vi) 
Ci,u = qv{p ■ Vi) - v iu (q ■ p) 

d iu = v iv (q-Vi)-q v vf, (A.17) 

where v\ = ki — q, with k\ and k 2 the 4-momenta of the pseudoscalars. 
The current can be written as 

M p = Mj£(ary v + (3 lPl „) + M^{a 2lv + (3 2 p lv ). (A. 18) 

It is convenient to define 

C-jxtt 1 g C nr i ^j~^> (A. 19) 

Then, for the 7r°7r° final state, 

ax = C^[{g p v + 2m p g pT )D p Il u (v 1 ) + \{g w v + 2m p g uT )D lJ Ilp(vi)) 

(3 l = ^C^lgpTDpU^v^ + lg^TD^Upivi)] 

a 2 = C^[(g pV + 2m p g pT )D p U u) (v 2 ) + \{g u v + 2m p g u)T )DJl p (v 2 )} 

fa = -2C^[g pT D p Il u (v 2 ) + \g^ T DJl p (v 2 )l (A.20) 



for r\ r\ 



o^o 



«i = C m [(g pV + 2m p g pT )D p Yi p (vi) + \{g u v + 2m p g uT )D "J\ u {vx)\ 

Pi = - < 2C rrn \g f a>Dpn. p (vi) + lg U TDu^u(vi)] 

a 2 = C m [(g pV + 2m p g pT )D p U p (v 2 ) + \{g uV + 2m p g ujT )D UJ U UJ ( y v 2 )] 

P 2 = ^CnlgpDpU^ + y^DMvt)] (A.21) 



and for 7r°?7 



"i = C nri [~(g pV + 2m p g pT )D p T[p(vi) + (g uV + 2m p g uT )DJI u (vi)] 

Pi = -2C 7r ^[^pT-D p n p (vi) + g^rDJl^vi)} 

«2 = C J rfj[|(fl , pV + 2m p 5f pT )D p n w (t; 2 ) + (g uV + 2m p g u3T )D u; U p (v 2 )] 

P 2 = -2C 7r J(|^ TJ D p n a; (^)+^ TJ D £j n p (^))]. (A.22) 
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As M M has the structure 



M M = A^rix + (A.23) 
we have, as before, to calculate the trace 

T B = |Tr{( 7 • p 2 + m p )(A M7A + £ M )( 7 • Pl + m p ){A^ lx + (A.24) 

The result is 

T B = 

(m 2 p - (pi • p 2 )) (aia[ 

+2(a 1 a* 1 Nl + + a 2 a*)(Ax • ^2) + a 2 a*N^j 

+2m p (( / 3 1 a* + PlajN? + (foal + a*/3 2 + /3Ja 2 + /^iX^i • ^2) 

+(/3 2 a;+/3 2 *a 2 )iV 2 2 ) 

+ K + (pi • pa)) (ftflWi 2 + + ftftX^i • A 2 ) + &/3 2 *A 2 2 ) , (A.25) 

with 

A i((i = Pi^&i + *v(pi • Ci) + p M (pi • di). (A.26) 
The background cross section is then given by 

d " B -CAt-^T b . (A.27) 



dt dM dVl~ s 2% 4 (s - m 2 ,) 2 
and the factor £ = 1 for different pseudoscalars and ^ for identical pseudoscalars. 

A. 4 Interference cross section 

We assume a constant phase between the continuum background and the resonance 
signal. The required trace for the interference term is 

T in t = (ml-(p 1 -p 2 ))(a 1 a* s M^M flu + a 2 a* s M^M^ + 
(A« • A) + a 2 a* s (N^ ■ A) 
2m p ((p ia * s + ai b* s )(NW ■ A)) + {(3 2 a* s + a 2 b* s )(N^ • A)) + 
K + (Pi • P2))(«(A« • A) + (3 2 b* s (N ( V ■ A)) (A.28) 

The interference cross section is then 

-C^Zi T: ^° 2 (cos0(T mf + +zsin0(T mf -^)). (A.29) 



dtdMdtt~ s 2% 4 (s-m2) : 
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A. 5 Meson-loop cross section 

The loop integral function Ip(a, b) is (see e.g. [36] 



and, for x < 0, j4"5] ) 



Ip(a,b) 



2(a -b) (a- by 



fib -fib 

b a 



+ 



arcsin (27l) 



ln( 



VK 



[a - by 



x > 



4 -4 



v^a; — 1 ar csin ( ) 
|v^4^ [ln(2* 
V /T^4^1n(^= 



27T 



< x < \ 



x < 



< x < \ 



and 



1 



2% 4 (s - m 2 p ) 2 



For a given two-meson final state ab 

da(ab) 
dtdMdVL ~ 

where the trace T^ a b is given by 

Ti,ab = \A lM \ 2 (m 2 p -{p l -p 2 ))M IIU M flu 

+N tl N,[2\\ ab \ 2 + 2m p {A hab Bl ab + A^B, 
+ (m 2 p + (p 1 -p 2 )\B l , ab \ 2 }. 

The quantities Ai >ab and are 

Ai ta b = A p lab + A" ab , 
Bi,ab = B p lab + B" ab , 
A tab = (9 P {u>)v + 2m p gp(u) T )Dp(u) ^ £p, p (^pp 



ab ; 



~~ - 2 9 P (uj)TDp(io)^Lp Auj) tpp^ ab . 



(A.30) 



(A.31) 



(A.32) 



(A.33) 



(A.34) 



(A.35) 

(A.36) 
(A.37) 
(A.38) 

(A.39) 



Here Z) p and are the Regge propagators (fH?j) . the sum is over all possible pseu- 
doscalars P in the loop, 



eg P ^)ppIp(t/m 2 P , M 2 /m 2 P ) 
JPAU1) ~ 2^m 2 P 



(A.40) 
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where m P is the mass of the pseudoscalars, g p (oj)pp is the p{uj)PP coupling constant, 
Ip is the loop integral function (1A.30I) and tpp^ a b is the t-matrix for the transition 
PP ^ab. 

In the calculation of the a (980) photoproduction cross section only the kaon loop 
contributes. The p(u))K + K~ coupling constants can be estimated from that for the 
p — > 7T7T decay width with the help of 577(3) symmetry considerations: 

g P K+K- = 9ujK+k- = \g P ifw = 2.13. (A. 41) 

For the t-matrix we use the parametrisation introduced in 



t K+ K-^o v (M) = 9a ^ K+K ~ , (A.42) 

where 

D ao (M) = M 2 ao — M 2 + ^(ReU ab (M ao ) - U ab (M)), (A.43) 

ab 

^ , „ 9nnnh ( m+m^ , m a 



, w JM 2 - m 2 - JM 2 - m 2 

+ Pa6 (M)(z7T + In \= ~ \= ± ) ) , (A.44) 



^M 2 - m 2 + y/M 2 ^ 



where m + = m a + mj, m_ = m a — m&. This expression is valid above threshold 
(m a + 777.6 < Af); below threshold one should use the analytical continuation. In the 
case of a , ab = 7i°r], K + K~, K°K°. 

This parametrisation was recently employed in the analysis [31] of <p — * tt°?77 ra- 
diative decays. We use the a (980) parameters found in that analysis ("kaon loop" 
version of the fit): 

M ao = 983 MeV, 9aonri = 2.8 GeV, g aoK+K - = g aoK o R0 = 2.16 GeV. (A.45) 

The situation with the / (980) is more complicated, as the 7r + 7r~ loop also con- 
tributes. For the t-matrix we use here the parametrisation 

, fi , / 7r+7r-fi , 7r°7r , 9 f TT°n° 9 f Q K+ K~ /. 
r7r+7r-^7r 7r = ~ pj 7 t K + K~ ^,it it = (A.4t)J 

with Df given by an expression similar to 0A.430 (with ab = 7r°7r°, 7r + 7r~, K + K~ , 
K°K°), and g 2 + _ = f^ 2 , ^ 2 = I^ 2 

The resonance parameters are taken from the "kaon loop" version of the fit [30J 
obtained in the analysis of — > 7r 7r°7 radiative decay: 

M ao = 976.8 MeV, # /o7r+7r - = -1.43 GeV, 2 /o ^+x- = 3/ i^o = 3.76 GeV. 

(A.47) 

In practice, there is strong interference between the /o(980) resonance and the 
S- wave isosinglet tttt background, which should be taken into account. 
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